ABSTRACT Seaweed beds often cover slgnlflcant parts of intertidal and shallow subtidal soft bottoms Fleld and laboratory experiments have previously demonstrated that seaweed detritus can cause ropid populatlon and somatic growth of deposit-feedlnq invertebrates We assayed the photosvnthetlc plgments in sedlments of False Bay, Washington, US4 to identlfy means of detecting lateral transport of partlculate organlc matter (POM) from beds of green algae (Ulva and Enteroniorpha) Using a transect from open waters towards the head of the bay \\re tested the follo\uing hypotheses (1) net transport moves POhI throughout the whole bay towards sand flats In the ~n n e r palt of the bay (2) secttveed beds have onIy local spatial effects on the input of POM Only the second hypothesis proved consistent wlth the data Calculat~ons based on recovery of the plgment lutein lndlcate that the depos~tion of sea\*.ecd detritus is sufficient to stimulate deposit-feeder populatlon growth In all sediments both pr~llclpdl components dnalysis and srnlple correlation analys~s conslstenlly ~dentified 2 negatively corielated sets of photosynthetic plgments, which could be associated 1~1 t h diatoms and macrophytes respectively The multlvariate inverse relat~onship furthel stlengthens a c o n~b l n a t~o n of luteln and chlorophyll b as a marker for the source of macrophyte organic matter
INTRODUCTION
Particulate organic matter (POM) derived from decomposing phytoplankton and seaweeds IS of major trophic importance in marine ecosystems. Even in shallow shelf waters, benthic secondary production depends malnly on the deposition of phytoplankton debris from the surface waters (Peinert et al. 1982 , Christensen & Kanneworf 1986 , Rudnick & O v~a t t 1986 , Pfannkuche & Thiel 1987 , Grebmeier & McRoy 1988 . Benthos of the deep sea obviously depend upon POM derived from shallower waters, and benthic activity often increases soon after seasonal increases of deposition (Carney 1989) .
In most benthic environments, bacteria are the numerically dominant microbes, but they are insufficient as a food source for deposit-feeding benthos (Wetzel 1977 , Cammen 1980 , Kemp 1987 , Tunnicliffe & Risk 1977 . Intertidal and very shallow subtidal habitats have abundant diatoms and these may be a sufficient food source for some deposit-feeding populations (Lopez & Levinton 1987 , Morrisey 1987 . Because many sources of shallow water POM are relatively indigest-O Inter-Research/Printed in Germany ~b l e , lt was thought that mlcrobes such as bacterla and d~atoms weie the domlnant proxinlate source of deposlt feeder nutrltlon (e g Newel1 1965 , Fenchel 1970 , Hargrave 1970 , Kofoed 1975 , Ylngst 1976 Blanch1 & Levlnton 1984 Even poorly dlgestlble detritus, however, may be so abundant In some muddy sedunents that a low ass~mllatlon efflclency inay stlll ylcld a slgnlflcant trophic leturn (Cammen 1980 , Levlnton 1980 , Levlnton & Stewart 1988 Seaweed detrltus and diatom detrltus may be far more d~g e s t~b l e and expellmental studles show that some seaweeds can plomote populahon growth In the benthos by dlrect lngestlon (e g Tenore 1975 Tenore 1977 or by indirect subsidy of microbial productlon (Tenore & Hanson 1980 Levlnton 1985 Seaweed beds often cover intertidal mud and sand flats where deposlt feeders are common The green seaweed genera Ulva and Enteromorpha ale the typical dominants of such beds Both have filmy fronds, whlch ale eas~ly e~o d e d by tide and wave actlon In False Bay Washington, USA, large amounts of green seaweeds accumulate In the uppel lnte~ttdal and supratldal xvhele they decompose lnalnly by fermentatlon (Hylleberg & Henrlksen 1980 , Hylleberg & RIIS-Vestergaard 1984 . Eventually, in late fall and winter, the beds break up. It is not clear how these beds contribute POM to the sediments and to the benthos. The deposition of large amounts of material on the strand suggests extensive transport throughout the Bay. However macrofaunal studies suggest otherwise. Benthic abundance in False Bay is greatest in 2 areas that coincide with extensive coverage of seaweeds (pers. obs.; see also Pamatmat 1966) . This would suggest a more local source-sink cycle for seaweed detrital transport.
In this report, we use photosynthetic pigments as tracers of POM, with the specific intention of asking whether the movement of seaweed detritus produces only local, or bay-wide spatlal patterns of deposition in sediment of seaweed detritus. Pigments have been used successfully to identify the source plants in aquatic systems (e.g. Gorham 1960 , Wright & Jeffrey 1987 , Sianchi & Findlay 1990 . To do this, we first identify pigments that are useful markers, and then analyze spatial data running along a transect from the bay mouth, landward to its head, with subsampling of transects from within, to outside of, 3 seaweed beds. Our evidence suggests that transport is mainly local. There 1s evidence for deposition near the seaweed beds, but none for accumulation in the intertidal sediments in the landward portion of the bay, except when seaweed beds occur there.
METHODS
We collected samples of sediment and algae from False Bay, located on San Juan Island. Washington. USA (Fig. 1) . False Bay covers an area of ca 106 m2, is a n intertidal sandy flat subject to extensive sediment resuspension and transport (Miller & Sternberg 1988) and is dominated by deposit-feeding macromvertebrates (Parnatmat 1966) . Green seaweed beds are common throughout the bay, especially near the mouth and at the bay head. Hylleberg & Henriksen (1980) estimated the 1974 standing crop of Ulva to be 34 tons dry weight. Our sampllng design includes 11 stations arrayed from the mouth to the inner portion of the bay. The sampling was stratified to include 3 short transects from within to outside of 3 algal beds. Stns 1 to 4 ('Enteromorpha-Ulva bed transect') range from extensive cover of Enteromorpha sp., some Ulva fenestrata, and scattered brown seaweeds (Stns 1 & 2) to bare sand with scattered pieces of Ulva. Stns 5 to 7 ( ' U l v a bed transect') range from bare sand, with slight coverage of Ulva, to a dense Ulva bed Stns 10 & 11 ('Ulva-Zostera bed transect') include a bare sand station (Stn 10) near a sparse Zostera marina bed (Stn l l ) , which is covered extensively by Ulva. All stations were located on a map by compass siting and triangulation to shore locations and to boulders located by Pamatmat (1966) . All stations were sampled for sediment particle analysis at the time of LLW on August 6, 1990. Approximately 500 m1 of sediment less than ca 1 cm deep was collected for particle analysis. The sediment was washed in fresh water to dissolve salts, dried overnight at 50 "C, weighed and then sieved through 4000, 2000, 1000, 500, 250, 125, and 62.5 pm metal sieves. Fractions were separated, dried at 50°C and weighed. The siltclay fraction (sediment less than 62 l m ) was calculated by difference.
To sample photosynthetic pigments from sediments, all stations were sampled on the same day at the time of LLW. Sampling dates were June 9, August 13, and October 18, 1989. At each station, 3 syringe mini-cores of sediment were obtain.ed (core dimensions: 1.5 cm diameter X 1.1 cm deep = 2 cm3 sediment volume). Cores were immediately placed on ice and transported to the Friday Harbor Laboratories, where 100°/~ acetone was added to each sample, which then were sonicated for 5 mm and placed overnight in the dark at 4°C. Each sample was then centrifuged at 14 000 rpm in a microcentrifuge, and the supernatant fractions were removed and stored at -8O0C, for never more than 4 d. The 100 O/ O acetone extraction was determined by Bianchi et al. (1988) to be optimal in preventing allomerization. We found the extraction efficiency to be as follows: chlorophyll a, 78.5% f 0.014 SD; lutein, 73.1 % k 0.023 SD (relative to 3 successive extractions).
To analyze pigments of macrophytes, 3 individuals each of Ulva fenestz-ata (from Stn 7), Enteromorpha sp. (Stn l), and Zostera marina (Stn 11) were obtained at random locations with~n each plant bed. Portions of healthy tissue of each were bagged individually, returned to the laboratory, and frozen at -80°C. Samples were then blotted dry, and wet-weighed. Plant tissue was extracted in 5 m1 10O0/0 acetone using a Polytron (knematica, Switzerland) homogenizer at moderate speed for 15 S. Extracts were centrifuged at 14 000 rpm in a microcentrifuge; the supernatant fractions were stored at -80°C until analysis. To roughly estimate diatom pigment content, 2 laboratory cultures of Cylindrotheca closterium were obtained in logphase growth in f/2 medium and under constant light. Three 5 m1 aliquots from each culture were removed and sed~mented at 12 500 X g for 10 min at 0°C. The pellet was washed once with 10 m1 0.2 ,pm filtered sea water, repelleted, and resuspended in 1 m1 acetone. The suspension was sonicated for 1 min, and then centrifuged to remove cell debris.
Reversed-phase ion-paired HPLC of pigments was performed on an Alltech Absorbosphere C 18 column (4.5 mm ID X 250 mm L; 5 ,um packing). The mobile phase was programmed at a flow rate of 1 m1 min-', using a Spectra-Physics SP8700 solvent delivery system, to obtain a linear gradient of 100 % solvent A to 100 % solvent B over 30 min, with a final hold for 20 min (solvent A = 80 % methanol / 10 % ion pairing reagent / 10 % water; solvent B = 70 % methanol / 30 % acetone. The ion pairing reagent contained 1.5 g tetrabutyl ammonium acetate (FLUKA) and 7.5 g ammonium acetate per 100 m1 distilled water).
Peaks were detected on a Spectra-Physics SP8440 variable wavelength detector set to read absorbance at 440 nm and processed using a Spectra-Physics SP4270 integrator. Peak identification was accomplished by comigration with a purified standard (U.S. Environmental Protection Agency) of all assayed pigments (obtained courtesy of T. S. Bianchi). Calibration was achieved by injection of purified chlorophyll a (SIGMA), and near simultaneous determination of purity using a spectrophotometer. We used Sigma chlorophyll a from Anacystis nidulans and dissolved ca 1 mg in 2 m1 100 % acetone under reduced light. We injected 5 yl into the HPLC to determine retention time and detector response, and ran a scan of spectrum from 350 to 750 nm. The absorbance reading at lambda max of 662 nm was recorded. The concentration is (Aee2 -A750)/E662, where A represents absorbance and E,,, is the specific extinction coefficient (in units of A.U.
(absorbance units) g-' 1 cm-'. The detector response was then determined, using the calculated concentration of chlorophyll a. Quantities of all other pigments were calculated using their published specific extinction coefficients (Mantoura & Llewellyn 1983) , standardized to the value for chlorophyll a. Where necessary extinction coefficients were revised according to more recent calibration data (T Bianchi pers. comm.) and corrections were made for the wavelength differences between lambda max and the monitored wavelength (440 nm). When appropriate, total p~glnent composition of a sample was expressed as weight-percent of each component, calculated using integrated peak areas divided by their respective absorbance standardization factor. We were particularly concerned about the identification of the peak for lutein, because it was found to migrate close to other pigments in absorbance chromatograms. To verify this pigment we collected in August 1990 samples of macrophytes and 3 samples of sediment from 3 areas of False Bay and used a Shimadzu HPLC system (2 LC-6A pumps, an SCL-6B pump controller, SPD-6AV uv-vis detector, and a CR501 integrator) coupled with an LDC fluoroh4onitor I11 fluorescence detector, to prepare and run samples as described above. The material corresponding to the lutein peak could not b e detected with fluorescence, further confirming its identification as lutein.
The identity of lutein was further confirmed with the following method, adapted from Wright & Shearer (1984) . This involved the use of the Shimadzu HPLC described above, using a linear gradient from initial conditions of 90 % acetonitrile : 10 % water to final conditions of 100% ethyl acetate, over 20 min with a flow rate of 2 m1 min-l. Initial conditions were then restored over 5 min, and the system was allowed to equilibrate for 5 min prior to the injection of the next sample. The identify of lutein was further confirmed by collecting the peak found to migrate at ca 7.4 min retention time and the absorbance spectrum was obtained. Absorbance maxima were found at 422, 447, and 472 nm, with a shoulder at 422 nm. These maxima agree closely with the values reported by Wright & Shearer for the pigment lutein. In no case did any of our extracts show evidence of more than 5 % area of a component migrating very close to lutein, as does the carotenoid pigment zeaxanthin in certain phytoplankton extracts (Wlight & Shearer 1984) . These results apply to samples run of Ulva, Zostera, Enteromorpha and 3 sediment samples.
We attempted to estimate the amount of algae present as inventory in the sediment by calculating wet weight biomass using laboratory-established relationships between lutein (or chlorophyll b) and algae from which the pigments were extra.cted. Since this estimate incorporates both sampling error in the recovery of pigment from the sediment and error in the calculated yield of pigment from plant tissue, w e computed its standard deviation as follows:
where SX/Y = standard deviation of estimate of inventory (g algae m-2); X = mean pigment recovery from sediment (~i g m-2); Sx = variance in sediment pigment recovery;
= mean pigment yield from algae (pg g-' tissue); S y = variance in pigment recovery from plants.
For comparison to previous studies, we determined ratios of dry weight to wet weight, for 5 samples each of the 3 macrophytes. The ratio of dry weight to wet weight was ( + SE): Ulva fenestrata, 0.232 ? 0.009; Enteromorpha sp., 0.284 f 0.005; Zostera manna, 0.172 f 0.016. Benthic diatoms were counted for a limited number of stdtions. Methods were modified after Levinton & Bianchi (1981) . We used 10 replicates for each station, and counted 20 grids per replicate.
The relative abundance of macroalgae in the 3 beds was crudely estimated by a combination of video tran-
sects and field measurement of the size of the beds. Video transects were conducted and a random number table was used to establish a matrix of 25 sampling points, from which algal coverage was estimated. The size of the 3 beds was estimated by staking corners and measuring compass directions and distances using a measuring tape. Statistical analyses were performed using SYSTAT (SYSTAT Corporation, Evanston, Illinois, USA). violaxanthin; neof: neofucoxanthin; pha-a: phaeophytin a POM deposition relative to the seaweed beds and the overall transect. Table 1 gives the particle size distribution for the sediments. Most are fine to medium sands with modal particle sizes in the 125 and 250 pm classes. The only strikingly different stations are 1 and 7, which are the centers of the Enteromorpha and Ulva beds, respectively. These sites are rich in gravel, which may be good attachment sites for the algae. Stn 11 is rich in Ulva, which is not related to sediment particle size, but rather to attachment sites on eel grass.
RESULTS

Fig
There were distinct differences in the area1 coverage of the 3 beds and in the relative algal coverage. The areas were as follows: Enteromorpha-Ulva bed, 3250 m'; Ulva bed, 890 m'; Ulva-Zostera bed, 4440 m2. The relative densities were: Enteromorpha-Ulva, 12.65 k 3.84 (SD, n = 20); Ulva, 8.15 + 2.28; Ulva-Zostera, 11.40 f 5.83. A l-way ANOVA shows significant differences in algal coverage among beds (F = 6.008, p = 0.004). An a posteriori test shows that this is explained by a significantly lower coverage in the Ulva bed, while the Enteromorpha-Ulva and Ulva-Zostera beds are indistinguishable in their higher coverage. Fig. 3 shows the distribution of lutein for the 3 dates, in 3 transects from seaweed beds to bare sands, with a bare sand station (no. 8) used for comparison as a background sample. This background station was hundreds of meters from any of the seaweed beds. There is a striking similarity in all 3 transects. Lutein concentration diminishes with distance from the bed. The drop is gradual in the Enteromorpha bed, but precipitous (reaches close to background levels 25 m away) in the Ulva and Enteromorpha beds. The more gradual decrease from the Ulva-Enteromorpha bed may relate to the bed's large size and to the relatively quiet waters at the head of the bay. There is a slight complication in the Enteromorpha bed transect, since Ulva colonized and spread near to the 77 m station by August, which may have reduced the gradient in lutein concentration.
Although the Ulva-Zostera bed was the largest of the 3 examined, it is at the mouth of the bay, where water movement is stronger, perhaps making deposition adjacent to the bed very local, or absent.
Average lutein concentrations for each of the 11 stations are illustrated in Fig. 4 . A 2-way ANOVA shows significant heterogeneity for both station differences (F = 9.118, p<0.001) and sampling time (F = 15.735, p <0.001). There is no monotonic trend from the mouth to the head of the bay. Lutein does seem to accumulate in the sediments from August to October in the inner bay Stns 1 to 4. These comprise the Enteromorpha bed transect, and more lutein seems to accumulate in the sediments within the bed. In the Ulva and in the Ulva-Zostera transects, lutein accumulates from June to August, but then there is a modest drop between August and October. Stns 5, 8 & 9 are most distant from seaweed beds and show no temporal or spatial evidence for large scale lutein accumulation. Table 2 shows a Pearson product-moment correlation matrix for sediment pigment concentrations assayed in June, August, and October, over all 11 stations (the original data set, consisting of 3 replicates for 7 pigments over 11 stations, is available on request by mail). Inspection for correlations is tricky statistically, since one inevitably discovers significant correlations when many coefficients are examined. However a Bartlett's analysis of all 3 matrices shows a n extremely low probability (<<0.001) that the correlation matrices are random. In all 3 months there is a striking negative correlation between lutein and chlorophyll b, and the other pigments. The negative correlations for lutein are the most striking; there are 11 (of 15 possible) negative correlations, all of which are associated with pigments probably derived from diatoms (see Fig. 2 ). Even though not all of the correlation coefficients are significant at the p <0.05 level, the overall pattern is probably nonrandom (e.g. probability of getting 5 negative cor- Table 1 . Percent (by weight) in the sediment of particle size classes Pigment concentration data were also subjected to principal component analysis. In the June, August, and October samplings. 2 components explained, respectlvely, 87.7, 83,8, and 71.0 % of the total variance. In all 3 cases, the loadings on the 2 components (Table 3) show evidence for one diatom-related axis and another seaweed-eelgrass-related principal component axis. Principal component plots generally show stations scattered or arrayed along a line with the greatest vanation along the seaweed-eelgrass-related axis.
Given pigment concentrations, it is possible to make a crude estimate of algal deposition (Table 4 ). Knowing the relationship of pigments to algal biomass, we present the wet weight algal biomass corresponding to the pigment concentrations found in the sediment. This can only b e converted to deposition if we assume that all pigment degraded from the previous season, and none degraded during our sampling. The latter clearly is not true, so we are probably giving a minimum estimate of deposition in the 1989 season, corresponding directly to the inventory of pigment in the sediment. Unfortunately, the standard deviations are quite high, since they are calculated both from variation among the sediment samples and among the macrophyte samples assayed for pigment content. In stations remote from seaweed beds (8 & Q), loadings based upon lutein are relatively low. Within seaweed beds (Stns 1, 7 & l l ) , however, the values are far higher, ranging from 37 to 643 g m-2. Overall, calculations based upon ch.lorophyl1 b yield much lower estimates of biomass.
Diatom abundances for the Ulva bed and Ulva-Zostera bed transects are illustrated in Fig. 5 . In both cases, diatom standlng stock is greater outside the bed on bare sands.
DISCUSSION
Overall, sediment surveys suggest a pigment profile that reflects a diatom fingerprint. This is not surprising, since benthic diatoms are very abundant at all sites. However, the distribution of seaweed-and seagrassderived pigments are superimposecl clearly upon the diatom background. Green seaweeds form discrete beds in False Bay. If pigments mark particulate trans- port, our data suggest that deposition of seaweed detritus is localized to within and near the edges of the beds. The remainder is either dispersed evenly throughout the bay, leaves the bay, or accumulates and decomposes on the shoreline. In summer, large amounts of material rot on the shoreline on all quiet margins of False Bay. Our overall transect, however, suggests that there is no net shoreward deposition in sediments towards the head of the bay, a s opposed to the mouth. The overall pattern is localized deposition, combined with washup of material in the supratidal zone.
Photosynthetic pigments would not be expected to be persistent or conservative markers, since they degrade upon herbivore grazing (Shuman & Lorenzen 1975 , Hawkins et al. 1986 , Bianchi et al. 1988 , microbial degradation (Bianchi et al. 1988) , and probably through abiotic chemical processes as well. Lutein seems to be relatively stable (Bianchi & Findlay 1991 , Bianchi et al. 1991 , Repeta & Gagosian 1987 , and may be a good marker for movement of macroalgae and seagrasses. Like lutein, chlorophyll b is associated with the green macrophytes. Our data do not show chlorophyll b to have as strong a negative correlation with Multivariate analysis of pigment concentrations among the sampling sites demonstrates that the macrophyte markers lutein and chlorophyll b load heavily on one principal component, whereas all other pigments but chlorophyll a load heavily on the other. This further strengthens the value of the 2 markers, since they do not covary with the diatom-related pigments, which might b e predicted from the diatom count data.
These data provide the first evidence for intermediate scale localization of transport of POM on sand flats. Because of this localization, and because of the relatively simple means we have developed to track it, the possibility arises of testing the hypothesis that degraded seaweed detritus is of trophic importance to somatic growth and population size of deposit feeders. Laboratory evidence strongly suggests that detritus derived from labile seaweeds provide strong subsidy for deposit-feeder growth, especially for annelids (Tenore 1975 , Levinton 1985 . Field and laboratory studies both show a subsidy of diatom production, which also is consumed by deposit feeders (Levinton 1985) . But there is no evidence for such a subsidy in False Bay. Diatoms and diatom-related pigments are in fact less abundant in the seaweed beds, which probably relates to shading by seaweeds or seagrasses. Our data do not prove, however, that diatoms are unimportant, nor do we wish to imply that sedimenting planktonic diatoms are unimportant in False Bay.
While crude and laden with statistical variation, the estimates of pigment inventory-derived detritus in sediment near seaweed beds are very high, typically above 50 to 100 g m-' (Table 4) . These estimates, however, are based upon the standing inventory of lutein and chlorophyll b in the sediment. We have no data to demonstrate that all lutein from the previous season was degraded, so it is not clear that these estimates refer to accumulations only in the spring of 1989. Furthermore, degradation of lutein obviously makes this an underestimate of deposition. Previous field and laboratory experiments (Levinton 1985 , Levinton & Stewart 1988 demonstrated that 25 to 50 g m-' of Ulva dry weight deposition is sufficient to stimulate rapid population growth of the deposit-feeding oligochaete Paranais litoralis. The estimated inventory therefore may be of great nutritional importance to (at least) population growth of smaller deposit feeders (e.g. spionid polychaetes) and perhaps somatic growth of larger deposit feeders in False Bay. The methods used in these studies can now be used to design experiments in spatial gradients of seaweed detrital transport.
Overall patterns in False Bay suggest at least a tantalizing correlation between benthic biomass and sea-weed abundance. Benthic surveys in False Bay (Pamatmat 1969, pers. obs.) show a peak of abundance at the Ulva-Zostera bed and at the head of the bay, in the viclnity of the E n t e r o m o r p h a -U l v a bed and other green seaweed beds. It is possible that POM contributes to this abundance. Ulva accumulations can degrade conditions for benthos when decomposition consumes oxygen and renders the sediment anoxic (Thom & Albright 1990) , but this does not seem to be the case in False Bay. Hylleberg & Riss-Vestergaard (1984) estimated that 1 to 10 O/ O of False Bay's green seaweed October biomass is consumed by the polychaete Nereis b r a n d t i alone. While several macroinvertebrates seen1 to be poor at digesting Ulva detritus, amphipods feed actively on Ulva particles and may consume up to half of the annual net production. It is possible, however, that other factors independently cause increases of both green seaweeds and benthos, so only field experiments can verify the hypothesis of seaweed detrital subsidy of benthic production.
Our method provides a useful framework within whlch field experiments on detritus deposition can be designed. Since the marker lutein can be used approximately as a spatial indicator of the deposition of nlacroalgal detritus, it is possible to design field experiments of detrital addition in sediments that are strongly influenced and beyond the reach of macroalgal deposition.
